Abstract-We address numerical versus experimental design and testing of miniature implantable antennas for biomedical telemetry in the medical implant communications service band (402-405 MHz). A model of a novel miniature antenna is initially proposed for skin implantation, which includes varying parameters to deal with fabrication-specific details. An iterative designand-testing methodology is further suggested to determine the parameter values that minimize deviations between numerical and experimental results. To assist in vitro testing, a low-cost technique is proposed for reliably measuring the electric properties of liquids without requiring commercial equipment. Validation is performed within a specific prototype fabrication/testing approach for miniature antennas. To speed up design while providing an antenna for generic skin implantation, investigations are performed inside a canonical skin-tissue model. Resonance, radiation, and safety performance of the proposed antenna is finally evaluated inside an anatomical head model. This study provides valuable insight into the design of implantable antennas, assessing the significance of fabrication-specific details in numerical simulations and uncertainties in experimental testing for miniature structures. The proposed methodology can be applied to optimize antennas for several fabrication/testing approaches and biotelemetry applications.
equipment is most commonly performed in the medical implant communications service (MICS) band (402-405 MHz), which is regulated by the United States Federal Communications Commission [6] and the European Radiocommunications Committee [7] . Patch designs are preferred for implant-integrated antennas because of their flexibility in design, conformability, and shape [8] .
Design of implantable patch antennas operating in the lowfrequency MICS band draws high-scientific interest to deal with miniaturization. The aim is to decrease the antenna physical size, while increasing its electrical size. Rectangular 10240 and 5760 mm 3 chest-implantable antennas have been reported [1] , which use the high-permittivity (ε r = 10.2) Rogers 3210 dielectric and apply a spiral radiator for size reduction. Addition of a shorting pin, thus, conversion to a planar inverted-F antenna (PIFA) acts like a ground plane on a monopole, and has been found to shrink the volume of the aforementioned antennas by 40% and 60%, respectively [1] . Other MICS implantable antennas applying similar miniaturization techniques include a 3457 mm 3 PIFA with a serpentine radiator built on MACOR substrate (ε r = 6.1) [8] , and a 6480 mm 3 antenna with a waffle-type radiator built on silicon substrate (ε r = 3.1) [9] , both intended for generic body implantation (2/3 human muscle properties used to represent average body properties). Multilayer structures including vertically stacked radiating patches increase the length of the current flow and further assist in miniaturization. Reported skin-implantable stacked PIFAs occupy miniaturized volumes of 598 [10] , 383 [11] , 337 [12] , and 32.7 mm 3 [5] , [13] . Biocompatibility issues entail the use of a superstrate for all structures, while gain degradation with size reduction must also be considered.
Numerical models of implantable patch antennas proposed in the literature are generally simplified; zero-thickness perfectly conducting sheet model for the radiating and ground planes, glue used to bond the layers together is not taken into account, while ideal models of 50 Ω coaxial cables are used to feed the structures. Most studies report reflection coefficient measurements (e.g., [1] , [2] , [8] [9] [10] [11] ) without assessing the effect of fabrication/testing details on the resonance of the simplified antenna or discussing design refinements required to restore the desired performance. Only influence of the feeding network has been discussed for patch implantable antennas [14] ; however, no design modifications were suggested to overcome its effects in antenna resonance. Preliminary investigations on metallization, gluing, and feeding considerations in numerical design have recently been reported for 3-D cylindrical antennas [15] . As the antenna dimensions shrink, the effect of fabrication issues becomes even more critical.
0018-9294/$31.00 © 2012 IEEE In this paper, the first challenge lies in proposing a novel design-and-testing methodology that optimizes the design of simplified implantable antennas to suit-specific prototype fabrication approaches. Antenna design is optimized based on quasiNewton optimization [16] to address metallization, gluing, and feeding considerations, while sensitivity tests are performed to determine the maximum allowable deviations between numerical and experimental results. A low-cost technique is further suggested for reliably measuring the electric properties of (tissuesimulating) liquids without the use of commercial equipment.
The second challenge lies in dealing with prototype fabrication of miniature antennas for which tolerance to fabrication issues (e.g., soldering bumps, uncertainties in glue thickness and permittivity, etc.) is considered to be highly critical. A parametric model of a novel miniature antenna is proposed for skin implantation, and the design-and-testing methodology is applied to optimally adjust it within a specific fabrication/testing approach, for validation purposes. To speed up design while providing an antenna model for generic skin implantation (e.g., inside the head, arm, and trunk for intracranial pressure, blood pressure, and glucose monitoring, respectively [17] ), investigations are performed inside a canonical skin-tissue model. Antenna performance is finally evaluated inside an anatomical head model (e.g., pressure monitoring, brain wave sensing, stroke rehabilitation, etc.).
An attempt is, thus, made to gain valuable insight into prototype fabrication and testing considerations that need to be considered within simulations for miniature implantable patch antennas. Although skin implantation in the MICS band is emphasized, the proposed methodology can easily be applied to optimize antennas for several other implantation scenarios and operation frequencies [18] , [19] . This paper is organized as follows. Section II describes the proposed methods and models. Validation is performed in Section III. Numerical results inside an anatomical head model are presented in Section IV. This paper concludes in Section V.
II. MODELS AND METHODS

A. Tissue Models and Numerical Methods
To speed up simulations while providing a generic skinimplantable antenna, design and testing are performed inside a canonical skin-tissue model [see Fig. 1(a) ] [5] , [17] . The dimensions are those of a typical semifilled plastic drinking glass, while the antenna is considered to be immersed by 2 cm. Antenna resonance has been found to be almost insensitive to the shape of the tissue model, as long as it is surrounded by skintissue. Finite element (FE) simulations are carried out using the commercial software Ansoft HFSS [20] . The FE solver performs iterative tetrahedron-meshing refinement automatically with the mesh being perturbed by 30% between each pass. The mesh refinement procedure stops when the maximum change in the reflection coefficient magnitude (|S 11 |) between two consecutive passes is less than 0.02 or when the number of passes exceeds 10.
Performance of the antenna is further examined inside a 13-tissue (see Table I ) anatomical head model [see Fig. 1(b) ] [5] . The antenna is implanted 3.6 mm under the skin, with its ground plane being placed in parallel with the horizontal plane of the head model. Finite-difference time-domain (FDTD) simulations are carried out in Remcom XFDTD [21] , which enables efficient modeling of anatomical body parts. The antenna and anatomical head are modeled in 0.1 and 3.66 mm 3 cells. Cells of 5 mm in edge (Δx) model free space so as to meet the FDTD spatial step constraint (Δx) < λ min /10, where λ min indicates the wavelength of the highest frequency of interest) for the simulation set up under consideration. This sets the maximum simulation frequency f max to 6 GHz (f max < c/(10Δx), where c is the speed of light), and the time step Δt to 9.622 ps (Δt = Δx/c √ 3), as referenced to free space. Meshing is adaptive to avoid abrupt transitions. A sinusoidal and a Gaussian source (pulse width of 32 time steps) are used in the single-frequency and broadband simulations. Calculations continue up to a 30 dB convergence.
Absorbing boundaries are set λ 0 /4 (λ 0 is the free-space wavelength, f 0 = 402 MHz) away from all simulation setups in order to extend radiation infinitely far, while guaranteeing stability of the numerical calculations [20] , [21] . Tissue electric properties at 402 MHz are considered (see Table I [22]), and approximated as constant inside the 300-500 MHz frequency range [5] . Tissue mass densities are also provided in Table I .
B. Parametric Antenna Model
A parametric model of a miniature stacked PIFA is proposed for skin implantation, as shown in Fig. 2 .
Corresponding dimensions are indicated in Table II for a simplified antenna (simplified), an optimized antenna considering specific fabrication issues (fabrication-specific), and a finetuned version of the simplified antenna inside the anatomical head model of Fig. 1 (b) (head-tuned). Circular shape is chosen to avoid sharp edges, while the origin of the coordinate system is considered to be located at the center of the PIFA ground plane.
The model consists of a 6 mm-radius ground plane and two R p -radius vertically stacked, meandered patches. Copper sheets with a thickness of h m are considered for the ground, lower, and upper patches. Both patches are fed by an L-length, 50 Ω-coaxial cable (F: x = 0 mm, y = 4 mm), and radiate. Each one is printed on a 0.635 mm substrate (lower/upper), while a 0.635-mm superstrate covers the structure to preserve its biocompatibility and robustness. Rogers 3210 (ε r = 10.2, tanδ = 0.003), which has long been used in implantable antennas [1] , [2] , [10] [11] [12] is chosen as the dielectric material. Glue layers (ε r = ε rg ) with a thickness of h g bond the dielectric layers together. Meanders are equidistant by 1 mm, and their lengths are denoted by the x coordinate x ij , where the subscripts {ij: i = A-F, and j = L, U} identify the meander in Fig. 2(b) and (c). Their width is designed to be small (0.4 mm) so as to maximize the area of the patch for radiation. A 0.3 mm-radius shorting pin (S: x = 1 mm, y = -4 mm) connects the ground plane with the lower patch for further miniaturization. The simplified version of the parametric antenna model exhibits zero thickness, perfect electric ground-and patch-planes, ignores the presence of glue, and is fed by a simplified L = 1 mm, 50 Ω-coaxial cable (inner and outer conductors modeled as a perfect conductor cylinder and a zero-thickness perfect conducting sheet, respectively). Variable values shown in Table II under "simplified" are found to achieve a reflection coefficient magnitude (|S 11 |) of better than -25 dB in the MICS band. The effects of metallization (h m ), gluing (ε rg , h g, ) and feeding (coax type, L) are shown in Table III . Resonance characteristics are recorded, i.e., the exhibited resonance frequency f r es and |S 11@fres |. Gluing is found to be the most critical factor; low-permittivity glue layers isolate the high-permittivity substrate layers, thus decreasing the effective dielectric constant and electrical length of the antenna, while increasing its resonance frequency.
In a realistic prototype fabrication scenario, the metallization (h m ), gluing (ε rg , h g, ), and feeding (coax type, L) variables are set by the fabrication approach under consideration. Tuning the R p and x ij variables alters the effective dimensions of the antenna and helps achieve the desired resonance characteristics [23] .
C. Design-and-Testing Methodology
An iterative design-and-testing methodology is proposed for implantable antennas, as summarized in Fig. 3 . The basic idea is to optimize numerical antenna design for a specific prototype fabrication procedure and in vitro testing setup.
The simplified version of the parametric antenna model is initially optimized to address fabrication limitations and obtain the fabrication-specific antenna. Metallization (h m ), gluing (ε rg , h g ), and feeding (coax type, L) variables are set to the values specified by the fabrication approach under consideration. The rest of the variables (R p , x ij ) are considered as dimensions in the solution space and are optimized based on quasi-Newton optimization [16] . 
Since the goal is to improve antenna resonance around 402 MHz, without aimlessly delaying design, the optimization process terminates when (1) is minimized, or when the number of iterations exceeds 300. Numerical sensitivity tests are subsequently performed in order to assess uncertainties that may be introduced within the in vitro testing of the fabrication-specific antenna. The effect of minor modifications in the most sensitive antenna design and testing parameters is examined, as imposed by the fabrication approach and measurement setup under consideration. Once the prototype antenna is fabricated and tested, sensitivity tests determine the maximum allowable deviation between numerical and experimental results, and the potential need for further refinement in numerical antenna design. Deviations within the acceptable limits mean that the final prototype antenna has been obtained.
D. Measurement of the Electric Properties of Liquids
In vitro testing of implantable antennas inside tissuesimulating liquids requires experimental measurement of the exhibited electric properties (ε r , σ) to ensure conformance with the numerical values [22] . There exist commercial complex permittivity measurement systems (e.g., Agilent Technologies 85071E); however, alternative approaches are solicited for laboratories that are not equipped with such systems. A novel low-cost and reliable complex permittivity measurement technique is hereafter described and evaluated. To enhance confi- dence in measurements, the technique is both reflection-and transmission-based rather than solely reflection-based, as is the usually reported case (e.g., [24] and [25] ).
The measurement setup consists of a parallelepiped container intercepted by the inner conductor of a coaxial cable, as shown in Fig. 4(a) . The arrangement corresponds to a coaxial container that can be filled with any liquid dielectric material. Its dimensions (exterior container of 52 mm × 32 mm × 32.2 mm, interior cavity of 40 mm × 20 mm × 20 mm) have been chosen so as to place a resonance mode around the desired measuring bandwidth of 300-500 MHz when filled with a high-permittivity liquid. After closing the container lid, the structure represents a transition between coaxial guides with a step characteristic impedance discontinuity. The transfer function between the two coaxial connectors outside the container depends upon the complex permittivity of the container's filling liquid. This can be de-embedded by comparing the measured scattering-matrix (Smatrix) with FE simulation results for the same structure. The simulation model is shown in Fig. 4(b) , and is fine-tuned through experimental measurements for the empty (closed) container. In the case of nonhomogeneous mixtures, the present approach provides inherently an average permittivity value. The liquid is assumed to fill the inner volume of the container completely.
To validate the proposed experimental technique, measurements are carried out considering the container to be filled with a liquid with well-known properties, i.e., distilled water. In the simulations, the complex relative permittivity of distilled water is approximated by the Debye model as a function of frequency
where ε ∞ = 4.6 is the optical permittivity at high frequencies, ε s = 78.3 is the static permittivity at low frequencies, and τ = 8.07 ps is the electrical relaxation time [25] . Numerical and experimental results are superimposed in Fig. 5 indicating quite good agreement.
III. VALIDATION
Validation of the proposed design-and-testing methodology is performed within the framework of a specific fabrication process, as dictated by the available materials, assembling tools, and technical expertise/experience.
A. Prototype Fabrication Approach
Standard 0.017 mm-thick electrodeposited copper foil covers both sides of Rogers 3210. The sheets are etched using a photolithographic process. The lower substrate layer contains the ground plane and the lower patch, the upper substrate contains the upper patch, and the superstrate has no metallization. Sprayable glue 3M 77 is used to bond the three layers (ε r = 2), which is found to exhibit an average thickness of 0.3 mm for the specific fabrication process. The antenna is fed through a 50 mm-long EZ-47 semi-rigid coaxial cable.
B. Validation 1) Fabrication-Specific Antenna:
Metallization (h m ), gluing (ε rg , h g, ), and feeding (coaxial type, L) variables are set to the values imposed by the available fabrication approach, while the R p and x ij variables are optimized accordingly. Parameter values shown in Table II under "fabrication-specific" are found to tune the fabrication-specific antenna at 402 MHz with a wide 10 dB bandwidth (defined at | S 11 | < -10 dB) of 44 MHz covering the MICS band. Radii of the patches and meander lengths are significantly increased as compared to the simplified antenna. The aim is to counteract the increase in resonance frequency imposed by the low-permittivity glue layers. The simulated reflection coefficient frequency responses of the simplified and fabrication-specific antennas are shown in Fig. 6 .
2) Sensitivity Tests: Sensitivity test results related to antenna design and experimental phantom uncertainties are indicated in Figs. 7 and 8 , respectively. Only the antenna or phantom parameter under investigation is considered variable in each case, while all other parameters are kept constant and equal to those of the fabrication-specific antenna design (see Table II , fabrication- specific) and of the theoretical tissue model [see Fig. 1(a) ]. Resonance characteristics including the resonance frequency f res and |S 11@fres | are recorded, while the performance of the fabrication-specific antenna is also shown for reference. Given the fabrication approach described in Section III-A, the following parameters are identified as potential sources of experimental uncertainties, and examined.
r Gluing (ε rg , h g ) [see Fig. 7(a) ]. Air bubbles accumulating within the glue prevent ε rg from being accurately determined. Furthermore, the adopted layer bonding process does not allow fine control of h g . This is impaired not only by the glue itself, but also by the slight bump of the microsolder near the coaxial cable and the shorting pin that prevents perfect contact between the layers. Deviations of ±10% and 33% in ε rg and h g are found to cause frequency detunings by up to 1.7% and 6.2%, respectively; r Antenna radius R ant [see Fig. 7(b) ]. Rogers 3210 requires significant mechanical stress (vertical pressure and torsion) for detaching the excess alignment material, thus degrading accuracy of the cutting procedure. A 0.2 mm-increase in R ant detunes the antenna by 4.4%, whereas a 0.1 mmdecrease brings the copper patch sheets in direct contact with the tissue, thus, significantly degrading antenna resonance;
r Relative rotation between the patches (indicated by the rotation of the lower ϕ l and upper ϕ u patches around the z-axis) [see Fig. 7(c) ]. Even though alignment marks are included in the photolithography masks, the alignment setup is relatively relaxed with respect to angular misalignment of the layers. Misalignment by 10
• is found to cause a maximum frequency detuning of only 1.2%, thus, proving to be of minor importance. This justifies our choice for a relatively flexible alignment approach, while indicating the potential of relaxing the complexity of the assembling setup in order to benefit the gluing process that has been shown to be very critical. Positive and negative rotation angles correspond to clockwise and counterclockwise rotation around the z-axis, respectively; Fig. 8(b) ]. Since the antenna is manually positioned inside the phantom, slight deviations from the immersion scenario of Fig. 1(b) may occur. However, numerical results indicate insensitivity to antenna positioning inside the phantom as long as it is surrounded by skintissue.
3) In Vitro Testing:
A skin-tissue-simulating liquid at 402 MHz is prepared (56.18% sugar, 2.33% salt, and 41.48% distilled water [2] ) and its electric properties are measured using the technique described in Section II-D. Numerical and measured results are shown in Fig. 9 , indicating adequacy of the mixture for in vitro testing. Dispersive, frequency-dependent ε r and σ values of the skin-simulating liquid are used in the simulations, as shown in Fig. 10 (solid line) [2] . The ε r and σ values of actual skin-tissue are also shown for reference (dotted line) [22] .
The prototype antenna is further built [see Fig. 11(a) ], connected to a network analyzer, and immersed inside the liquid [see Fig. 11(b) ]. The measured reflection coefficient frequency response is shown in Fig. 6 (dotted line) . Good agreement exists between numerical and experimental results. A slight resonance shift of 10 MHz (2.5%) is observed, which lies within the uncertainty allowances imposed by the sensitivity tests. Nevertheless, both simulation and measurement have an |S 11 | < -10 dB bandwidth which includes the MICS band.
IV. PERFORMANCE INSIDE AN ANATOMICAL HEAD MODEL
The proposed antenna model is finally evaluated within the scalp-implantation scenario of Fig. 1(b) . The simplified antenna is considered to provide generic results independent of the fabrication procedure, and fine-tuning is performed (see Table II under "head-tuned") to achieve resonance in the MICS band [see Fig. 12(a) ]. Detuning issues for implantable antennas inside specific anatomical locations have been discussed by the authors in [5] , [17] , and [26] . An infinitesimally thin wire and a 50 Ω-voltage source model the 50 Ω-coaxial feed exciting the antenna. The head-tuned antenna radiates an asymmetrical far-field gain radiation pattern [see Fig. 12(b) ], with a maximum gain of -37.10 dBi exhibited in the (θ, ϕ) = (110
• , 90 • ) direction. Low-gain values are attributed to the small PIFA size and high-tissue loss. Maximum 1-g-averaged (1-g-avg) and 10-g-averaged (10-g-avg) specific absorption rate (SAR) values equal 324.74 and 65.09 W/kg, respectively, for a net input power of 1 W. The IEEE C95.1-1999 (1-g-avg SAR ≤ 1.6 W/kg) and C95.1-2005 (10-g-avg SAR ≤ 2 W/kg) safety standards, thus, limit the maximum allowed net input power to 4.927 and 30.73 mW, respectively [27] . Local SAR distribution considering a net-input power of 4.927 mW is shown in Fig. 13 for the slices where maximum local SAR values have been recorded.
V. CONCLUSION
We proposed a parametric model of a skin-implantable miniature PIFA for biotelemetry in the MICS band, and suggested a novel design-and-testing methodology for implantable antennas that incorporates gluing, metallization, and feeding considerations into numerical design. A low-cost, transmission-based technique was also described for reliably measuring the electric properties of liquids, without requiring specific commercial equipment.
Validation was further performed within a specific miniatureantenna-oriented fabrication approach. Sensitivity tests related to antenna design and phantom parameters indicated uncertainties of 0.5-6.2% in the exhibited resonance frequency, while relative antenna positioning was shown to be of minor significance. A resonance shift of 2.5% was observed in experimental testing as compared to simulations, which was within the expected uncertainty range.
Antenna implantation inside an anatomical head model required minor design modifications to refine tuning and exhibited an asymmetrical, low-gain (less than -37.10 dB) radiation pattern. Maximum net-input power levels of 4.927 and 30.73 mW were found to guarantee conformance with the IEEE C95.1-1999 and C95.1-2005 safety standards.
